The existing United Nations Framework Convention on Climate Change (UNFCCC) has failed to deliver the rate of low-carbon technology transfer (TT) required to curb GHG emissions in developing countries. This failure has exposed the limitations of universalism and renewed interest in bilateral approaches to TT. Gaps are identified in the UNFCCC approach to climate change TT: missing links between international institutions and the national enabling environments that encourage private investment; a non-differentiated approach for (developing) country and technology characteristics; and a lack of clear measurements of the volume and effectiveness of TTs. Evidence from econometric literature and business experience on climate change TT is reviewed, so as to address the identified pitfalls of the UNFCCC process. Strengths and weaknesses of different methodological approaches are highlighted. International policy recommendations are offered aimed at improving the level of emission reductions achieved through TT.
Introduction
GHG emissions in developing countries are rising fast and are expected to continue to do so as these countries become the major global energy consumers. A global agreement to fight climate change cannot succeed if it does not address these increasing emissions. However, setting caps in some developing countries has met strong resistance, in view of the historical responsibility and the stronger capability of developed countries. Most developing countries consider economic and social development as their main priority and aim to raise their income per capita level before considering investments in expensive low-carbon technologies. Given this, the transfer of climate friendly technologies -adapted to country-specific development priorities -is perceived as a key element by the developing countries in achieving low-carbon development paths in the developing world.
Since its inception, the United Nations Framework Convention on Climate Change (UNFCCC) has recognized the importance of technology transfer (TT) in achieving stabilization of GHG concentrations. Since the Thirteenth Conference of the Parties (COP 13) in Bali, TT has also become one of the four pillars of an expected post-2012 climate change regime. Unfortunately, the UNFCCC process has become entangled in long discussions that have delayed action. The mechanisms it has so far created have either failed to materialize in actual TTor have led to progress on a project-by-project basis that cannot be scaled up to the level required. Businesses and developing country policy makers often complain about the large distance between the bureaucratic UNFCCC processes and their own actual and urgent needs.
The purpose of this article is to improve the understanding of the gaps in the UNFCCC approach to TT and to make policy recommendations based on the empirical evidence provided by the econometric, business and case study literature. The focus is on the transfer of mitigation technologies that are already available and avoids entering the debate on R&D and innovation. In Section 2, the topic of TT is introduced and the inherent complexity of measuring and defining climate change TT is shown and discussed. The UNFCCC approach to TT to developing countries is reviewed in Section 3, in which both a brief history of the process and a glimpse into the current status of the negotiations is provided. It assesses the effectiveness of existing UNFCCC mechanisms to promote TTand highlights the main shortcomings of the UNFCCC approach. An emerging body of econometric literature on climate change TT is reviewed in Section 4, and it is shown how it can contribute to solve some of the identified gaps. In Section 5, the practical stance of the business community, which is well placed to provide recommendations on specific country-and company-level policies that enhance TT, is discussed. Finally, in Section 6, some policy recommendations are offered on how the UNFCCC process can be brought closer to the actual needs of both developing countries and the private sector, and some areas for further research are suggested.
Defining and measuring climate change TT
The term 'technology transfer' has been defined and measured in many different ways by a wide range of disciplines (Mallett et al., 2009 ). In the field of climate change, the Intergovernmental Panel on Climate Change (IPCC) provides a frequently quoted definition of climate change TT as 'a broad set of processes covering the flows of know-how, experience and equipment for mitigating and adapting to climate change amongst different stakeholders such as governments, private sector entities, financial institutions, non-governmental organizations, and research or education institutions' (IPCC, 2000) . Under this broad definition, TT could provide a recipient country with the capacity to install, operate, maintain and repair imported technologies, produce lower-cost versions of imported technologies, adapt imported technologies to domestic markets and circumstances, and develop new technologies, while respecting relevant intellectual property rights (IPR) (UNFCCC, 2009a) .
Several authors have noted that these diverse aspects of TT convey different impacts on the recipient firm or country (Wei, 1995; Bell, 1997; Mallett et al., 2009) . Three flows of transferred technological content are subsequently defined, from lower to higher impact on the technological capabilities of the recipient. The first flow encompasses capital goods and equipment; it increases the production capacity of the recipient, but on its own does not enable the recipient to efficiently use the imported facilities or to generate technological change. The second flow includes skills and know-how for operating and maintaining equipment. It places the human resources of the importer at the technological level required to efficiently operate the imported technology but without indigenous efforts, it does not enable technological change. The third flow encompasses knowledge and expertise for generating and managing technological change. It creates new technological capacity by both the transfer itself and the active, independent learning, creation and innovation of the recipient.
Several classifications and lists of relevant technologies for climate change mitigation are reviewed by Brewer (2009) . Technologies can be transferred through several channels, mainly trade, foreign direct investment (FDI) in the form of either wholly owned subsidiaries or joint ventures, licensing agreements, official development assistance (ODA), hiring of foreign human resources, and person-to-person pathways such as training programmes, conferences or scientific exchanges.
Measuring TT is intrinsically difficult given the diverse and complex ways in which transfers occur and because technology has no measurable physical presence or well-defined price (IPCC, 2000) . Rather, technology is embodied in products, intermediate inputs and processes (World Bank, 2008) . Consequently, most economic literature has used indirect techniques to measure technology, such as total factor productivity (TFP), or indexes that emphasize inputs into technological achievement such as education levels, numbers of scientists and engineers, expenditures on R&D or on R&D personnel, or the number of patents granted. A review of these different techniques can be found in Archibugi and Coco (2004) . In the field of climate change, the IPCC (2000) recommends the use, with caution, of several types of international financial flows as indicators of both levels of international TT and how these levels change over time. Among the main types of financial flows are ODA, loans at market rates, FDI, trade, foreign portfolio equity investment (FPEI) and venture capital. These flows, however, do not cover all the potential TT channels previously defined. Furthermore, they cannot be taken as an indication of the level of skills and knowledge that have been transferred alongside financial flows (Mallett et al., 2009 ).
The UNFCCC approach to TT
3.1. Status of TT in the international climate change negotiations TT is an important element of the UNFCCC and is included in several of its articles (mainly Articles 4.1, 4.3,4.5 and 4.7). Indeed it has been part of the agenda in each of the Conference of the Parties (COP) so far.
Since its adoption in 1992, the UNFCCC approach to TT has been based on two major assumptions:
I Developed country Parties have the capacity to undertake research, development, deployment and transfer of technologies (Article 4.5), while developing country Parties are seen as recipients of technologies, know-how and finance as a precondition for action (Article 4.7). I Developing country Parties require broad technological support from developed country Parties, to include the transfer of equipment and know-how, and the development and enhancement of endogenous capacities and technologies (Article 4.5).
At COP 13 (held in Bali), technology was identified as one of the four building blocks for a future climate change regime as outlined in the Bali Action Plan. COP 15, held in Copenhagen in 2009, failed to deliver the new binding and ambitious international climate agreement outlined in Bali. Instead, it contributed to a fracturing of the static UNFCCC preconceptions about the developing world and to revealing new structures of power (Grubb, 2010) , with China, India and Brazil playing a prominent role in drafting the non-binding Copenhagen Accord. COP 15 also illustrated the limitations of multilateral treaties for securing consensus on mitigation commitments, thus leading to a renewed interest in bilateral agreements and small group agreements including the most powerful countries.
1 However, some progress in the area of technology was achieved in Copenhagen. The Copenhagen Accord proposed a Technology Mechanism (TM) as the basis for subsequent negotiations, with the aim 'to accelerate technology development and transfer in support of action on adaptation and mitigation that will be guided by a country-driven approach and be based on national circumstances and priorities' (UNFCCC, 2010b, Decision 2/CP.15, Article 11). This new institution was mainly advocated by developing countries, specifically the members of G77 and China, while the preference of Annex I countries was to use or modify existing institutions (Staley and Freeman, 2009) . Financial support was also mentioned in the Copenhagen Accord, with US$30 billion designated in fast-track funding from developed to developing countries for the period 2010-2012 and the creation of a Green Fund mobilizing US$100 billion a year by 2020. However, it was not made clear which part of these funds would be available for TT.
The Cancun Agreements, achieved at COP 16 in December 2010, have brought the Copenhagen Accord under the auspices of the UN with the approval of the 193 countries working under the UNFCCC itself. Much work still needs to be done to establish a comprehensive long-term framework for controlling GHG emissions, particularly on the definitions of emission reduction targets and timetables. Even so, significant outcomes have been achieved, including the decision to establish a TM that contains a Technology Executive Committee and a Climate Technology Centre and Network. The objective of the TM is to enhance clean technology development and diffusion. Funding availability for the TM, as well as the mechanism to allocate these funds, is still under discussion, and the eligibility criteria for countries and technologies have not yet been addressed.
Despite some differences between the views of developing and developed countries regarding the impact of IPR in TT, there was no mention of IPR in the final text approved in Cancun. This implies that the issue was a negotiating tactic rather than a real problem. Indeed, IPR were not central to any country proposals. However, developing and developed countries have offered passionate views on this matter. Developed countries considered IPR as essential to promote innovation. In contrast, some developing countries proclaimed that IPR deter TT and proposed compulsory licensing of certain clean technologies (this was defended by China and India). Still, some of the emergent economies softened their stance towards IPR as they increased their ownership of climate change technologies (Staley and Freeman, 2009) Throughout the negotiations, the significant role of the private sector and the need for policy reforms in developing countries to encourage private investment has been stressed by developed countries. Developing country submissions to the UNFCCC negotiations have instead focused on the request that developed countries meet their responsibility and provide finance and technology (WRI, 2009; Marcellino and Gerstetter, 2010) . Annex IV of the Cancun Agreements mentions that the Technology Executive Committee should seek input from the private sector and civil society. This has moved the need to include the private sector from the main text of the Bali Action Plan to an Annex, which suggests that it is not considered a priority.
Effectiveness of the existing UNFCCC TT catalysts
The UNFCCC has used three main types of catalyst for climate change TT to developing countries: ' (UNDP, 2009) . TNA are country-driven activities, undertaken within the UNFCCC and supported by the GEF, the United Nations Development Programme (UNDP) and the United Nations Environment Programme (UNEP) as funders and coordinators.
The CDM was created by the Kyoto Protocol (1997) to first reduce the cost of compliance for Annex I countries by taking advantage of cheaper emission reduction opportunities in non-Annex I Parties and, second, to support sustainable development in non-Annex I host countries. The GEF is the financial mechanism of the UNFCCC, as well as other UN Conventions, and provides grants to developing countries, and countries with economies in transition, for projects related to biodiversity, climate change, international waters, land degradation, the ozone layer, and persistent organic pollutants. Although neither the CDM nor the GEF were created with the aim of funding TT, they have nevertheless done so indirectly.
A summary of the main achievements and pitfalls of these mechanisms in the promotion of TT appears in Table 1 .
Main gaps of the current UNFCCC approach to TT
The new TM decided in the Cancun Agreements could potentially achieve higher rates of TT to developing countries if the three main gaps in the current UNFCCC approach are addressed.
First, the UNFCCC deals with TT as a government-to-government process, urging developed country Parties to support technological development in developing country Parties (Article 4.5) and providing guidelines (in the form of a TNA handbook) to the latter on how to prioritize technological means for achieving low-carbon development paths. However, no significant efforts have been made to engage the private sector in the definition of an effective technology policy (UNCTAD, 2010; WBCSD et al., 2010) , which neglects the key role of the private sector as the owner of most climate change mitigation technology and as the sector responsible for most international TT through trade and FDI (IPCC, 2000; Stern, 2007; Brewer, 2009; World Bank, 2009 ).
The UNFCCC process appears disconnected from the enabling frameworks that facilitate private investment and, until recently, no attempts were made to understand strategic business decisions regarding TT. On the one hand, the existing instruments to promote TT (EGTT, TNA, CDM, GEF) are not integrated into national planning processes. When the existing instruments are used in specific TT, it is done on a project basis and does not permeate into the rest of the economy. These mechanisms seem insufficient to remove existing barriers, leverage a large scale of private investment or promote endogenous technologies in developing countries. The updated TNA handbook recognizes the need to step away from the project-based approach and considers TT in light of long-term visions The data in Seres et al. (2010) regarding TT in CDM projects rely on TT claims made by project participants in the Project Design Documents (PDDs) of 4984 projects in the CDM pipeline as of 30 June 2010. Only those projects, for which it is explicitly stated in the PDD whether or not TT is expected, are considered in the calculation of percentages. These claims are subject to uncertainty as they are not based on a common definition of TT and they have not gone through verification (unless they belong to the additionality test). Also, they refer to projects often at the design stage, which may not be successfully implemented and hence may not deliver emission reductions.
(UNDP, 2009). On the other hand, the absence of an agreement after the COPs in Copenhagen and Cancun regarding globally binding emission reduction targets and the slowness and inefficiency of the international climate change negotiations has not provided the necessary strong signals to stimulate private sector investment in low-carbon technologies in developing countries.
Second, the UNFCCC discourse is based on a North-South TT paradigm that divides the world into two blocks: technologically active and technologically passive (Brewer, 2008; Cannady, 2009 ). Observation of actual technology flows shows that this simplistic paradigm no longer holds. In an increasingly interconnected world, a group of large and dynamic developing countries are actively absorbing foreign technologies and developing and transferring endogenous ones.
FDI data compiled in the World Investment Report 2010 (UNCTAD, 2010) show that over a quarter of greenfield investments in alternative/renewable power generation were placed in developing economies. Nearly 10% of renewable power generation investment projects were made by transnational companies (TNCs) from developing countries, the bulk of which are South-South. More illustrative is the case of greenfield investments in the manufacturing of environmental-technology products such as wind turbines, solar panels or biodiesel plants. Developing economies attracted nearly half of the projects in this industry over the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] and have surpassed developed countries in the last 2 years (UNCTAD, 2010). Still, performance across developing countries is highly unequal with most investment concentrated in China, India and Brazil, part of the so-called BRIC economies.
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China and India host nearly 20% of the world's wind power generation capacity (World Bank, 2009) and are world leaders in a variety of climate-friendly technologies.
The diverse performance of the CDM in developing countries reflects a similar pattern to FDI. China has the highest concentration of CDM projects, distantly followed by India and Brazil. As of June 2010, these three countries held 72% of the CDM projects and 77% of the associated GHG emission reductions (UNEP Risoe, 2010), while African countries and least developed countries (LDCs) were largely absent. As regards TT as facilitated by the CDM, a recent study showed that China, India and Brazil have a lower than average TT rate than the rest of the host countries (Seres et al., 2010) . While BRIC countries use predominantly local knowledge or equipment, the remaining host countries are more dependent on foreign technology to implement CDM projects. The same study showed that nonAnnex I countries supply technology to 15% of the CDM proj ects involving TT. China is among the top five technology suppliers, ahead of many developed economies, while India and Brazil also hold a significant share (Seres et al., 2010) . These figures show that the UNFCCC mechanisms have not addressed the specific needs of different developing countries and have instead replicated geographic patterns of trade and FDI flows.
Third, efficient mechanisms for monitoring, reporting and verification (MRV) the magnitude and effectiveness of climate change TT to developing countries are not available, which is an unresolved issue in the negotiations. While developing countries focus their call for an MRV mechanism on the need for compliance mechanisms that include TT, developed countries believe such a mechanism will be key to defining the eligibility criteria for Nationally Appropriate Mitigation Actions (NAMAs). The future TM will need to define a set of criteria to assess the effectiveness of TT activities.
Econometric studies of climate change TTs

Theoretical framework: the economics of technology diffusion
The field of the economics of technology diffusion, reviewed by Keller (2004) and Saggi (2004) , provides the theoretical basis for the econometric study of climate change TT.
In the field of the economics of technology diffusion, it is realized that foreign sources of technology are of dominant importance for domestic productivity growth and that there are big differences in how effective countries are in adopting foreign technology. One of its main aims is to identify the major determinants of successful TT. This is usually measured as growth in TFP as a result of foreign technology spillovers. Differences in the bilateral speed of diffusion would explain the greater effect of foreign R&D in the domestic TFP of some specific economies. Keller (2004) summarizes the theoretical framework of technology diffusion using a straightforward linear model that explains the productivity of a country in terms of its stocks of domestic and foreign technology. A number of econometric studies have attempted to estimate the foreign technology elasticity of productivity, whereby indicators of foreign R&D act as proxies for the foreign stock of technology, channels of diffusion and domestic absorptive capacity. Evidence shows that country size is an important determinant of the relative importance of foreign versus domestic technology sources (Eaton and Kortum, 1999) . Foreign sources of technology are more important for small and relatively poor countries, given the size difference in domestic R&D investments. However, controlling for size, the smaller and poorer a country is, the more intensively it relies on domestic technology sources to increase its productivity, which shows the importance of the 'distance to the frontier' (Keller, 2004) . The success of countries in transforming foreign knowledge into domestic productivity is also explained by how their firms engage in international economic activities, mostly through importing (Coe and Helpman, 1995; Xu and Wang, 1999; Eaton and Kortum, 2002; Lee, 2009; Liao et al., 2009) and FDI (Xu, 2000; Ramondo, 2009; Vadlamannati and Tamazian, 2009 ). Finally, the effectiveness in adopting foreign technology accessed through international economic activities depends on absorptive capacity, which itself is determined by human capital and domestic R&D spending (Borensztein et al., 1998; Kuo and Yang, 2008; Xu, 2008; Blalock and Gertler, 2009; Yin and Ding, 2009) .
Econometric studies have also analysed the impact of trade, foreign investment and IPR national policies on technology diffusion. Trade liberalization needs to be complemented by appropriate policy measures with respect to human capital and local R&D to deliver positive TT effects (Saggi, 2004) . Restrictions to FDI can lower the quality of transferred technologies (Mansfield and Romeo, 1980; Kabiraj and Marjit, 1993; Javorcik and Spatareanu, 2008) . On the other hand, FDI incentives are not always effective. They do not increase the rate of FDI beyond business-as-usual for investments geared towards the domestic market, which are instead driven by strong fundamentals in the host economy (Hines, 1996; Devereux and Griffith, 1998) . Finally, as regards IPR policies, initial theoretical studies have concluded that strong IPR protection is not favourable to the South (Helpman, 1993; Glass and Saggi, 2002) . However, a more extensive body of empirical research shows that weak IPR protection deters FDI and knowledge spillovers to developing countries, forcing multinational companies (MNC) to keep production at home (Ferrantino, 1993; Lee and Mansfield, 1996) . A recent paper by Dinopoulos and Segerstrom (2010) has shown that stronger IPR protection in the South leads to an increase in the rates of TT within MNC and in R&D employment by southern affiliates of northern MNC, a decrease in the North-South wage gap, and a temporary increase in the northern innovation rate.
Econometric literature
Econometric literature on climate change TT is concerned not with the impact of foreign technologies on a country's productivity, but instead with a country's absolute or relative C0 2 emissions and its energy intensity. Two kinds of economic relationship are measured in the literature: first, the impact of recipient country characteristics on the magnitude or likelihood of foreign climate change technology flows received and, second, the impact of foreign technology flows on C0 2 emissions or energy intensity of the recipient country.
Recipient country characteristics and foreign flows of climate change technology
Disaggregated data on import flows or FDI related to climate change technologies are not available for most developing countries, which prevents their use as proxy variables for international TT. Instead, many studies have measured these flows through the TT claims in CDM projects (Dechezleprétre et al., 2008; Doranova, 2009; Seres et al., 2009 Seres et al., , 2010 or the number of filed foreign patents related to climate change technologies (Hascic and Johnstone, 2009; Dechezleprétre et al., 2010) .
The dependent variables in these studies (existence of TT in a specific CDM project or number of foreign patents filed) reflect intentions to provide foreign technologies to developing countries, rather than their actual use and subsequent knowledge spillovers. For example, in the CDM, many projects included in the models are at the design stage. Their TT claims are ex ante and only indicate that sourcing of foreign equipment or knowledge is expected. No information is provided about the transfer process, its success in leading to knowledge spillovers, nor the role of local absorptive capacity in maximizing these. On the other hand, while patents express the intention to use an exclusive right over a technology in a given country, this does not mean that the owner will actually do so and does not reflect the extent of the associated emission reductions when the technology is actually implemented.
Dechezleprétre et al. (2010) define a comprehensive model where the dependent variable is the flow of climate change inventions between inventor and recipient countries, proxied as the number of climate change-related patents from the inventor filed in the recipient. The explanatory variables are the accumulated knowledge in the recipient country, the cost of technology diffusion between country pairs, the cost of adopting local inventions, the cost of diffusion from other countries and the demand for technology in the recipient country. Results show that the accumulated knowledge in the recipient country is significant and positive when measured as technology-specific knowledge instead of the general educational level of the population. The implementation costs of technology have a significant and negative impact in most regressions when measured as either weak IPRs, tariffs, as not belonging to the same trade block, or as not sharing a common language. As expected, general demand variables such as income per capita and population have a positive significant impact. Most technology-specific demand variables such as the production of renewable energy, winter temperature or the number of cars are also significant and positive.
Hascic and Johnstone (2009) present similar results in terms of the importance of specific absorptive capacity, trade openness, and demand size and growth. Although they use a less comprehensive model, they introduce policy variables to explain technology diffusion using patent data. They conclude that commitment to climate change mitigation has a positive and significant influence on TT in a model with only Annex I countries. Also, the degree of involvement in CDM activities, per pairs of countries, is significant and positive for countries that have established the necessary institutions. Dechezlepretre et al. (2008) use a logit model to explain the likelihood of CDM projects receiving TT for a dataset of 644 CDM projects registered as of May 2007. The model tests the importance of project and host country characteristics in determining the likelihood of TT in a specific CDM project. Results show that, keeping all other explanatory variables constant, larger and more wealthy developing countries are less likely to need TT to implement CDM projects. On the other hand, CDM projects in countries with high economic growth are more likely to involve TT. The impact of technological capabilities on the likelihood of TT is ambiguous depending on the type of technology used by the project. In the energy and chemicals sectors, high capabilities improve the likelihood of TT, implying that a significant knowledge base is necessary to adopt the new technologies. In agriculture and waste management, high capabilities reduce the likelihood of TT, meaning that the technologies are already available locally. These results suggest that the level of technological development determines the availability of endogenous technologies. Countries with higher capabilities, who are able to adopt foreign mature technologies and develop a domestic technological base, would thus only need to transfer the newest technologies. However, the conclusions of Dechezlepretre and colleagues were based on CDM experience at a time when the project portfolio was largely dominated by large-scale projects in China, with hardly any African or LDC projects. Therefore, no valid inference can be made regarding the factors that influence TT in these areas.
A recent report by Seres et al. (2010) about the CDM contribution to TTuses a more extensive data set of 4984 CDM projects in the pipeline (registered or under validation) as of June 2010. The model uses 3778 of these projects that explicitly state if they will or will not involve TT. Seres and colleagues conducted a regression analysis in two stages. First, they built a logit model to predict the probability of TT for different combinations of project type, host country and year. Second, they constructed an equation that relates the predicted probabilities to country characteristics. The results calculated using this equation show that TT in CDM projects is more likely in countries with a small population and a low technical capacity, where technical capacity is measured as the discounted stock of patents issued, confirming some of the previous findings in Dechezlepretre et al. (2008) .
Foreign technology flows, energy intensity and carbon emissions
A second group of studies is concerned with the relationship between foreign economic flows (received mostly through FDI, trade, licensing or ODA as proxies for technology diffusion) and changes in energy intensity, carbon intensity or emissions per capita as proxies for knowledge spillovers (Frankel and Rose, 2002; Mielnik and Goldemberg, 2002; Cole and Elliott, 2003; Cole, 2006; Ang, 2009; Hübler and Keller, 2010) . In these studies, the aggregated effect of foreign activity is analysed, and they do not therefore capture the specific effect of climate change-related technologies. This is mostly due to the unavailability of historic data on climate change-related financial flows for most countries.
A negative impact of foreign activity on the carbon or energy intensities (emissions or energy consumption relative to GDP) of the recipient country might be expected as a result of the transfer of more efficient technologies. However, the empirical results do not justify this expectation because foreign economic flows actually encompass three different effects, not all related to TT, on the carbon or energy intensity of the recipient country: scale, composition and technique effects. The scale effect suggests that higher energy use and higher GHG emissions result from an increase in foreign economic activity (Peterson, 2008) . The scale effect is only relevant when carbon emissions or energy consumption is measured in absolute terms. The composition effect, on the one hand, implies that foreign inflows may change the industrial structure of an economy with positive or negative consequences depending on country circumstances. For example, countries with lax environmental regulations or high capital-to-labour ratios may attract pollution-intensive activities, raising energy use and emissions. On the other hand, economic development leads to structural shifts, first from agriculture to industry (leading to higher emissions), and then from industrial to service activities, or from heavier to lighter industry, both of which lead to emissions reductions. Therefore, the way the composition effect is realized depends on specific country circumstances. The technique effect has a direct and indirect effect on GHG emissions reductions. The direct effect comes from increased openness to the diffusion of cleaner and efficient production methods, which relates to TT. The income-induced indirect effect happens as openness leads to increased wealth and a rising demand for stricter environmental regulations, which also encourages cleaner technologies. This income-induced indirect effect is compatible with the literature on Kuznets' environmental curve, which predicts an inverted U relationship between per capita income and pollution. Some authors claim that the translation of wealth into higher environmental conscience, and subsequent environmental regulation, happens more clearly in democratic societies (Frankel and Rose, 2002) .
The few studies that have attempted the econometric study of knowledge spillovers through foreign low-carbon technologies have been mostly concerned with isolating the direct technique effect of foreign activity from both the indirect technique effect and scale and composition effects. The scale effect is usually neutralized by using variables relative to income levels (i.e. carbon intensity) instead of gross variables. The composition effect is modelled through indicators of the country's economic structure, such as the capital-to-labour ratio or the share of industrial value added in GDP. Finally, the indirect technique effect can be modelled by introducing income per capita variables. Hübler and Keller (2010) built a model to explain time changes in the energy intensity of a set of countries by their foreign financial flows (FDI, imports and ODA), income per capita, GDP share of industrial value added and GDP share of total investments. The model shows an insignificant effect of FDI, imports, income per capita and GDP share of industrial value added. However, ODA flows are significant and negative, which is in line with the expectation that industrialized donor countries promote clean technologies in developing countries. The investment share of GDP is significant and positive, which indicates that rising investments lead to more energy-intensive processes. In any case, the model does not find a robust energy reducing effect of FDI and imports. The authors interpret this as indicating that the effects of FDI inflows on energy use depend on country-specific characteristics and policies, which cannot be captured at a macro level. Besides, the use of aggregated FDI precludes both the identification of the particular effect of low-carbon technology-related FDI and isolating it from the composition effect of FDI related to energy-intensive production. Cole and Elliott (2003) define a model to explain the effect of trade on emissions per capita and per unit of GDP of various pollutants, including C0 2 . Their analysis suggests that the relationship between trade liberalization and C0 2 emissions per capita or income depends on country characteristics other than income and factor endowments. A significant and negative coefficient of the time trend for emissions per capita indicates that factors common to all countries that change over time, such as technological advances, are reducing emissions. Another attempt to model the effect of trade on C0 2 emissions is provided by Frankel and Rose (2002) , who use income per capita and its square, trade openness (an index of democracy and population density), as explanatory variables of per capita emissions of a number of pollutants including C0 2 . Their results show an increase of C0 2 emissions per capita for all income levels, contradicting the Kuznets' curve hypothesis, while trade openness does not show a clear significance.
In a more recent application to the case of China, income per capita does not have any significant impact on C0 2 emissions per capita, whereas trade openness is found to have a significant positive effect on emissions (Ang, 2009) . Local R&D intensity and distance to the technological frontier (measured as the difference of US and China TFP) significantly reduces emissions, independently and as an interaction variable. The significance of the interaction term highlights the importance of local absorptive capacity to assimilate foreign technical know-how. A dummy variable for environmental regulation also shows a significant effect of tougher environmental regulation in decreasing emissions per capita. The results indicate that the scale and composition effects of trade have outweighed the technique effect. However, the beneficial impact of more efficient foreign technologies can be harnessed with local R&D and is higher the larger the distance to the frontier.
Business insights
The business approach to climate change TT
The private sector owns most of the technologies required for a shift to low-carbon paths and will deliver the largest share of TT to developing countries. Econometric studies have so far been unable to explain why some countries are more effective in attracting foreign technologies that lead to emissions reductions. The UNFCCC process could benefit from understanding the conditions that enhance private investment and the processes that facilitate knowledge spillovers.
The academic business literature has focused on three main themes related to the internationalization of technology: the technological impact of technologically superior foreign-owned companies, which have higher productivity than indigenous firms; the association of FDI with technology gaps between countries and how FDI can narrow these gaps; and the role of TNC as technology creators across national boundaries (Cantwell, 2009 ).
In the field of climate change technologies, two types of evidence-based studies provide insights into the factors that enhance private TT. First, business organizations provide a business perspective on climate change TT through consensus-based reports (ICC, 2008; ACTI, 2009; WBCSD, 2010) . Second, the case study literature offers a micro-level perspective of the processes of transferring and adopting technologies (Forsyth, 2005; Lewis, 2007; Ockwell et al., 2008; Cai et al., 2009; Gboney, 2009; Grant, 2009; Machado, 2009; Wang, 2009; Zhang et al., 2009; Hultman et al., forthcoming; Lewis, 2010) .
The private sector understands TT as a by-product of day-to-day commercial operations, such as equipment sales, leases, services or procurement contracts, joint ventures, licensing agreements or investments. The private sector, as well as other institutions (IEA, 2010) , prefers to use the concept of technology diffusion (WBCSD, 2010), which is understood as a way to grow, earn profit and survive. It is noted in the international business literature that technology encompasses not only the scientific and engineering knowledge and blueprints that usually result from R&D activities, but also the corporate capacity to operationalize this knowledge and use it in production (Cantwell, 2009) . Although codified knowledge and blueprints can be transferred, corporate technological capabilities cannot be transferred through market exchanges. Instead they must be internally learned. As a result, the management literature has shifted its focus away from the TT role of TNCs to their role as technology creators and innovators through cross-border networks (Cantwell, 2009 ).
Businesses do not have a specific interest in measuring technology diffusion, but are interested in measuring investments and economic returns. Operating indicators (installed capacity or annual production in foreign markets) or economic data (investments, R&D expenditure, revenues, profits in foreign markets) are used to reflect the extent of technology diffusion. Companies only account for emission reductions per technology if they need to perceive some economic compensation (carbon credits) or comply with emissions trading schemes or carbon accounting initiatives.
TT to developing countries is not a particular activity for the private sector (WBCSD, 2010) . Highquality cleaner technologies are being continuously deployed in developing countries, when they make economic sense; they provide a strategic fit and involve a level of risk that is commensurate to the projected returns. Businesses operate in competitive environments, with some developing countries providing technologies that compete in local and international markets. Knowledge acquired through experience and R&D investment provides a competitive advantage, and business understands that it cannot be shared without sufficient compensation.
National strategies
The main driver for private international TT is the prospect of a large and stable demand and long-term profits. Successful TT by private companies does not usually happen under artificial conditions of subsidies and grants, which may create short-term and unsustainable economic conditions (Forsyth, 2005) . Carbon credits via the CDM have facilitated further technology diffusion by reducing the payback period and increasing projects' internal rate of return (IRR). However, several authors have shown that successful TT through the CDM has been based on pre-existing enabling frameworks in recipient countries. For example, Hansen (2008) has observed that transfers of biomass and biogas technologies to Malaysia through the CDM were done by foreign companies that already had a strong presence in the Malaysian market. Several studies of TT in Chinese CDM projects have shown that certified emissions reductions income was rarely, due to the uncertainty of carbon income and the long CDM registration time lags, the primary reason why the projects were developed (Wang, 2009; Lewis, 2010) . A study based in India and Brazil demonstrated that managers considering investments in the CDM tended to favour projects that were non-additional or only marginally additional, due to the uncertain future revenue streams of the carbon market and the certain immediate costs (Hultman et al., forthcoming) . Furthermore, the success of Chile in attracting CDM projects has been attributed to its export-oriented, open and liberalized economy, political stability and business-friendly politics (Rindefjáll et al., 2010) .
The business community agrees, based on its experience, that five elements provide the enabling frameworks for investments and sales of low-carbon technologies: strong government signals, adequate institutional frameworks, appropriate absorptive capacity, economic and financial incentives, and energy efficiency drivers (WBCSD, 2010) . These elements are backed up by the case study literature.
China, India and Brazil have been the most successful developing countries to absorb foreign technologies, deploy renewable technologies and grow domestic renewable energy industries. This success stems from a large internal demand and growth potential, together with strong signals and incentives from their governments favouring low-carbon growth. In India, the Electricity Act of 2003 proposed renewable energy targets and policy support mechanisms, including feed-in-tariffs. In China, the Renewable Energy Law included a mandatory renewable market share, a wind concession programme, premiums to renewable power, VAT relief for renewable energy technologies, emission limits for new vehicles (stricter than those in the US) and timetables for the closure of inefficient production facilities. The Brazilian government started promoting ethanol distilled from sugar cane in the 1970s with the Brazilian Alcohol Programme, which triggered technological developments in the automotive industry (Ockwell et al., 2008; Ribeiro and De Abreu, 2008) .
Adequate institutional frameworks are essential to ensure that strong signals, regulations and incentives are properly implemented. This includes stable policies, transparent investment regulation and conducive local conditions (WBCSD, 2010) . For certain technologies an important element is the establishment of appropriate IPR protection to enhance the transfer of technologies (ACTI, 2009).
Indeed, uncoordinated energy policies, uncertainty of institutional frameworks, excessive bureaucracy or inappropriate power purchase agreements are behind some TT failures in Ghana and South Africa (Gboney, 2009; Grant, 2009) .
Furthermore, a minimum threshold of human capital and infrastructures is required for the efficient operation of transferred technologies and the subsequent generation of advanced local technological capabilities. This requires a functioning education system, targeted capacity-building programmes, and capacity at all levels of implementation of the technologies: technical, financial, business development and regulation (Gboney, 2009; WBCSD, 2010) .
Government support to infant domestic industries has also been behind the technological success of India and China (Lewis, 2007; Wang, 2009; Zhang et al., 2009 ). Both countries have adapted customs duties and related taxes to promote the use of domestically manufactured wind turbines. However, India has been much more hands-off than China. The latter has placed a local content requirement on all developers for the concession of wind projects, mandating that 70% of the turbine content is made in China. In addition, Chinese-owned manufacturers have been the most selected by the government in the concession of permits for projects. This has forced many wind turbine manufacturers to localize their manufacturing facilities. The localization policy has been highly successful, with domestic and joint venture manufacture accounting for 62% of total installed capacity in 2008. Yet, many of the foreign-owned companies have opted to partner with Chinese-owned companies only for some smaller components and have not transferred know-how or IPR. An efficiency differential between foreign and local technologies of around 30% confirms this knowledge gap (Wang, 2009) . Also, when the most easily accessible renewable resources are exhausted, more sophisticated technologies are needed, usually in the hands of developed country companies reluctant to give up or put at risk their strategic knowledge assets. The Chinese government has also supported the bargaining power of local industries and lowered costs and risks, acting as a broker in facilitating transfers of technology at the demonstration stage (Wang, 2009 ).
Company strategies
In addition to government support, appropriate business strategies to acquire and absorb foreign technologies are essential for building successful local industries. It is noted in the management literature that the absorptive capacity of recipient firms is a necessary condition for beneficial spillovers to occur as a result of TT activities (Cantwell, 2009) . Local industries with a strong technological tradition are able to catch up with technologically superior foreign-owned companies. Hence, the more innovative a local company is, the more favourable the effects of FDI will be and the easier it will be to attract such investment (Cantwell, 2009) .
Some successful cases of TT include Chinese and Indian wind turbine manufacturers, and Chinese cement waste heat power generation, all of which have used technologies originating in foreign countries to develop innovative local industries.
The most common climate change TT mechanisms have been licensing, joint development and acquisition of foreign companies. For example, the leading Chinese wind turbine manufacturer, Goldwind, produced its first 660-750 kW turbines using a licence from a German company, and its 1.5 MW turbines in joint development with another German company, which it subsequently acquired to produce the most advanced 2.5-5 MW models. Goldwind actively pursues patenting for all new products to ensure market power (Lewis, 2007; Wang, 2009; Zhang et al., 2009) . Suzlon, the leading Indian wind turbine manufacturer, wind farm project developer and operator, built its capacity upon licensing agreements complemented with internal R&D. Suzlon located R&D centres at knowledge hubs in Germany and the Netherlands, and its international headquarters in Denmark. The company also acquired foreign manufacturers of generators, gearbox and wind turbines (Lewis, 2007) . Cement waste heat power generation technology was introduced in China with government brokerage, through a joint venture between a Chinese company and a Japanese technology provider. The Chinese company obtained the production licence for the technology and became a domestic technology provider offering a low-cost version, which facilitated large-scale deployment (Wang, 2009 ).
IPR did not constitute a barrier to the rapid development of endogenous capacity in any of the cases reviewed, given the wide range of technology suppliers that were willing to license. Usually, technology leaders lack incentives to license proprietary information to developing country companies that could become their competitors. Instead, developing country companies tend to rely on licensing from well-established but second-tier companies that have more to win and less risk from licence fees than from risky FDI in unknown markets (Lewis, 2007) .
Local companies compensate for their products' lower efficiency by offering costs significantly lower than foreign technologies. This allows them to bid for additional capacity and improve through learning-by-doing. This process is possible in countries with a large market scale. The result is a higher number of competitors, lower market power of foreign companies and lower cost of reducing GHG emissions, with the subsequent global welfare gains.
Conclusions
Some limitations of the reviewed evidence-based literature should be highlighted before drawing policy conclusions. First, econometric studies of climate change TT have not yet been able to link flows of climate change-related technologies to their effects in reducing GHG emissions. Further research is needed to better understand the factors that improve the extent of knowledge spillovers through transfers of climate change technologies. This requires disaggregated data on climate change specific trade and FDI. Second, although most of the case study literature on TT to developing countries focuses on the Chinese and Indian experiences, China and India do not represent typical developing country economies. Both offer potential investors the prospect of large profits and have an advanced domestic technological base that allows rapid adoption of foreign technologies. Smaller developing countries will struggle to replicate the Chinese and Indian success stories, given their small bargaining power towards foreign technology providers and their lower internal technological capabilities. Further case study research is needed to identify the national policies and business strategies that have worked or failed in non-BRIC economies.
Despite these caveats, the evidence-based literature provides valuable insights into how the UNFCCC approach to climate change mitigation TT to developing countries might be improved. Recommendations are provided for each of the gaps identified in Section 3.3:
1. Bring the UNFCCC process closer to the enabling frameworks that facilitate private sector investment: Evidence provided by the case study literature demonstrates that the UNFCCC mechanisms have played a limited role in promoting TT. The private sector, which owns and is responsible for most climate change TT, is greatly attracted to the stable potential profits of large and growing markets. It chooses to locate in countries with strong fundamentals (human capital, stable macroeconomic conditions, infrastructure) and solid national support for low-carbon development, through clear national renewable energy and efficiency targets and related regulations and economic incentives. Supportive policies also require strong institutions to be effectively implemented. IPR protection is necessary to attract foreign activity. IPR have not constituted a barrier for rapid development of local capacity in countries with technological capabilities as foreign technology owners have been willing to transfer their knowledge in exchange for a fair compensation. In addition, strong IPR enforcement helps emerging countries to capitalize on their innovations and sends the right signal to foreign investors considering locating knowledge-intensive production plants in their territories.
Local businesses adopting foreign technologies need strong business and technological capabilities to be able to translate foreign knowledge into local technological change. They need to be involved in active learning processes and continue to carry out R&D activities to be able to identify the best foreign technology, bargain for the lowest possible cost and adapt it to local circumstances.
Given the importance of such national enabling environments, the role of an international agreement should be to facilitate ambitious national commitments that are reflected in national action. Individual developing country action would not be expected, even with increasing income levels, because climate change is a global externality. An international agreement with clear long-term emission reduction targets would therefore provide the strong signals required by the private sector. Uncertainty and the absence of a carbon price would instead delay investments in lowcarbon technologies, which are more expensive than incumbent technologies when the cost of carbon is not internalized. The activities of the TM should be integrated in national planning processes, facilitating the design, funding and implementation of policies that promote the diffusion and local adoption of climate change technologies.
Recognize the diversity of the developing world and design TT policies adapted to each country circumstances:
Evidence shows that the group of non-Annex I countries is highly heterogeneous. Each country has different technological needs depending on its size, income level, growth rate, stage of development, productive structure and technological capabilities. Targeted policies to enhance climate change TT would maximize the impact on GHG emissions reductions. Large developing countries with relatively high technological capabilities receive the largest absolute TT flows, but are less dependent on foreign technologies than smaller and poorer countries. BRIC countries have developed endogenous capabilities and are able to produce, use, maintain and adapt many low-carbon technologies with their own resources. These larger countries still need to transfer the most innovative technologies, but have in many cases themselves become providers of mature technologies for other developing countries.
Given their status as main GHG emitters in the developing world and their high technological capabilities, the priority for BRIC countries is to build a significant scale of low-carbon production at a low cost. The higher cost of low-carbon technologies relative to incumbent technologies could be balanced through national and international policies that recognize the cost of carbon. Scaling up low-carbon technologies in emerging economies will also lead to cost reductions through learning-by-doing and economies of scale (Stern, 2007) . Taking advantage of knowledge already available in developed countries through climate change TT saves significant amounts of R&D investments for developing countries. Open trade and FDI policies that facilitate the flow of foreign technologies need to specifically target climate change-related technologies and come together with increased environmental awareness and related regulations. Otherwise, the scale and composition effects of foreign flows may outweigh the technique effect and lead to increased GHG emissions.
In contrast, small and poor countries with low technological capabilities receive low TT flows but depend more highly on foreign technologies to reduce their carbon intensity. The marginal return of investments in local R&D and education is greater for countries that are further from the international best-practice frontier. These countries are responsible for a very small share of global GHG emissions. Their priority should be to improve local technological capabilities as a precondition of open trade and FDI policies that can support low-carbon development paths.
There is a large spectrum of countries at different stages of development that lie between the large developing countries, with relatively high technological capabilities, and the small and poor countries. These countries may have significant technological capabilities but, due to their demand size and growth potential, are unable to compete with Brazil, India and China for foreign capital. They could engage in regional technological cooperation to identify similar needs around specific technologies. Bundling TT needs would create larger opportunities for the business usually attracted to the larger BRIC markets (WBCSD, 2010) . Given their limited resources and demand size, small countries should identify their areas of competitive advantage to develop a local climate change technology base with the support of foreign TT. Competitive advantage can come from the availability of natural resources, a competitive industrial base or highly skilled human resources. It can be enhanced through technology-push policies such as targeted R&D and specific training on low-carbon technologies. However, a significant local market is also needed and can be promoted through demand-pull policies that recognize the cost of carbon. 3. Measure performance of TT policies to decide the allocation of technology funds: Further research is necessary to improve the understanding of the drivers of TT. New econometric models that link climate change technology flows to changes in absolute and relative GHG emissions could inform UNFCCC assessments of the long-term effectiveness of TT policies. Such models would enable measurements of both the importance of foreign technologies for the reduction of carbon intensity in different countries and the effectiveness of different countries in translating foreign flows of climate change technology into actual emissions reductions. The determinants of successful TT could be identified and used to define funding priorities for different countries. Additionally, a thorough study of operational TT indicators would enable short-term evaluation of TT policies. Indicators should focus on the TT drivers identified through economic models and include business data (such as installed capacity, annual production or investment in foreign markets) as well as indicators of potential spillovers (such as number of local employees per qualification, number of training courses, number of foreign licences, number and revenue of local providers).
Notes
1. As declared by Nitin Desai, from the Indian delegation in 'When Two's Company', Times of India, 4 January 2010. 2. The term 'BRIC countries' was coined by the firm Goldman Sachs to refer to Brazil, Russia, India and China as a group of large and fast growing economies.
